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Abstract 
Most researches on oil droplets immersed in aqueous solutions assume that the surface charges 
of oil droplets are, similar to that of solid particles, immobile and distributed uniformly under 
externally applied electric field. However, the surface charges at the liquid-liquid interface are 
mobile and will redistribute in response to the electric field. This paper studies the redistribution 
of surface charges on an oil droplet under the influence of the external electrical field. Analytical 
expressions of the local zeta potential on the surface of an oil droplet after the charge 
redistribution in a uniform electrical field were derived. The effects of the initial zeta potential, 
droplet radius and strength of applied electric field on the surface charge redistribution were 
studied. In analogy to the mobile surface charges, the redistribution of Al2O3-passivated 
aluminum nanoparticles on the oil droplet surface was observed under applied electrical field. 
Experimental results showed that these nanoparticles moved and accumulated towards one side 
of the oil droplet in response to the applied electric field. The redistribution of the nanoparticles 
is in qualitative agreement with the redistribution model of the mobile surface charges developed 
in this work. 
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1. Introduction 
Electrostatic surface charges on solid particles and oil droplets are very important in various 
applications involving electroosmosis and electrophoresis [1–9]. It is well-known that the surface 
charges at the solid-liquid interfaces are immobile. However, the situation for liquid-liquid 
interfaces is different because of the mobility of the liquid-liquid interfaces. For example, the 
most widely accepted explanation is that the charges at the oil-water interfaces originate from the 
selective adsorption of hydroxide ions (OH

) [10–15]. For an oil droplet immersed in water, the 
hydroxide ions will be adsorbed to the surface of the oil droplet and make the oil-water interface 
negatively charged. Another possibility is that the existence of some ionic surface-active 
impurities in oil phase may be responsible for creating the charges at the oil-water 
interfaces[16,17]. While the mechanism of charge creation on the liquid-liquid interfaces is still 
under discussion, the mobility of the surface charges at the liquid-liquid interfaces is widely 
recognized.  
The mobile surface charges at the liquid-liquid interface were considered in the investigation of 
multiphase electroosmotic flow (EOF). It is well-known that all surfaces acquire electrostatic 
charges when they are in contact with an aqueous electrolyte solution. The surface charges in 
turn attract the counter-ions in the bulk liquid to the region close to the surface, forming the 
electric double layer (EDL). Under a tangentially applied electrical field, the excess counter-ions 
in the double layer region will move, resulting in a bulk liquid motion via viscous effect. This is 
known as the electroosmotic flow (EOF). In 2005, Gao et al. [18] analyzed the transient two-
liquid phase EOF by considering the effect of the free surface charges at the liquid-liquid 
interface. The transient EOF of the two-liquid phase system was calculated by a model which 
considered a force at the interface generated by the electrokinetic motion of the free surface 
charges. In 2006, Lee et al. [19] conducted numerical simulations of the EOF over a liquid-liquid 
interface based on three different models: viscous model [20], electrical double layer (EDL) 
model [21], and EDL plus surface charges (EDL+SC) model. It was found that the EDL+SC 
model is the best to evaluate the multiphase EOF involving a liquid-fluid interface, as the 
predicted results of EDL+SC model and the experimental results agreed well with each other. 
The EDL+SC model considered the combined influence of the EDL and the mobile surface 
charges on the motion of liquid-liquid interface. For example, in a uniform DC electric field, if a 
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liquid-liquid interface is negatively charged, the negative charges at the interface moves towards 
the anode and the counter-ions in the EDL moves in the opposite direction. Both of these 
movements contribute to the motion of the interface. Later, Lee et al. [22] experimentally studied 
the EOF at liquid-air interface. The experimental results indicated that the electroosmotic 
velocity of the liquid at the interface was significant lower than that in the bulk liquid, which also 
agreed with the EDL+SC model mentioned above. Based on this model, Movahed et al. [23] 
studied the EOF of a stream of aqueous electrolyte solution surrounded by oil. In addition, Gao 
et al. [24] theoretically and experimentally investigated two-liquid phase EOF with pressure 
gradient effect. The combined effects of the mobile surface charges, electroosmosis and pressure 
gradient at the interface were taken into consideration in their model. The comparison between 
the theoretically predicted results and the experimental results showed very good agreement, 
confirming the mobility of surface charges at the interface. In 2010, Li et al. [25] studied the 
time-dependent three-fluid phase EOF by accounting the mobile charges at the liquid-liquid 
interface. In their model, the effect of the shear force at the interface generated by the 
electrokinetic motion of mobile surface charges was taken into consideration. Qian et al. [26], 
Choi et al. [27], and Ray et al. [28] studied the free surface EOF. It was demonstrated that the 
zeta potential of the free surface determined the motion of the liquid.  
The redistribution of surface charges at liquid-liquid interface has also been pointed out in a 
study of the attachment of nanoparticles at liquid-liquid interface. By using X-ray photoelectron 
spectroscopy to detect the distribution of nanoparticles carrying negative charges near the 
negatively charged air-water interface, Redondo et al. [29] found that the more negative the 
charged nanoparticle, the closer it approaches the air-water interface. Their explanation for this is 
that nanoparticles with stronger negative charges will induced surface charge redistribution of 
the air-water interface and enable the nanoparticles to get closer to the interface. Furthermore, 
Xu et al. [30] observed that when a particle-coated water droplet gets close to a flat oil-water 
interface laden with particles, the particles on the flat interface will be repelled away from the 
closest approaching point due to the electrostatic interaction of the two interfaces, which also 
proves that the external electric field will make the surface charges at liquid-liquid interfaces 
redistribute.  
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It is not difficult to understand that the electrostatic charges on the surface of an oil droplet are 
also mobile, and the distribution of these mobile surface charges will be changed under influence 
of external electric field. Such redistribution of surface charges will have impacts in many 
applications. For example, the surface charges on oil droplets will migrate in electric field, which 
will affect the coalescence of the oil droplets. Ichikawa et al. [31] found that the rate of the 
coalescence of oil droplets can be increased significantly with the effect of the redistributed 
surface charges on the oil droplets. Another easily understandable example is the electrophoresis 
of oil droplets in aqueous solutions, where the redistribution of surface charges will significantly 
affect the electrophoretic force acting on the droplets and hence the electrophoretic motion of the 
oil droplets. However, most of the studies on oil droplets immersed in aqueous solutions 
assumed that the surface charges were immobile and uniformly distributed in the presence of 
electric field. Such a treatment would cause the underestimate or overestimate of the surface 
charge from the measured electrophoretic mobility data of oil droplets. Therefore, fundamental 
research on the redistribution of surface charges of the oil droplet is necessary. 
Theoretical studies on the surface charge redistribution under externally applied electric field 
were reported in some papers [32–39]. In summary, two models were derived based on different 
considerations. First, the expression of local electrostatic potential on oil droplet in externally 
applied electric field was derived by Ichikawa [34] relying on the relationship between the 
electrical potential (𝜑) on the surface of the oil droplet and the surface charge density (𝜎): 
 𝜎 = − [𝜀𝑚
𝜕𝜑
𝜕𝑛
]
𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 (1) 
where 𝜀𝑚  is the dielectric constant of the surrounding electrolyte and 𝑛 is the normal to the 
surface.  
The electrical potential distribution around a charged oil droplet can be obtained by solving the 
Poisson-Boltzmann equation. The surface charge density is proportional to the concentration 
difference between cations and anions absorbed at the interface, and the distribution of these ions 
is given by the Boltzmann distribution under electrical field potential arising from the local zeta 
potential and the externally applied electric field. Substituting these conditions into Eq. (1), the 
surface electrical potential (𝜑𝑠) arising from the redistributions of adsorbed surface ions in a 
spherical coordinates system can be obtained: 
7 
 
 𝜑𝑠 = 𝜁0 +
𝑧𝑒𝜁0(𝑠+,0+𝑠−,0)
𝜅𝑇(𝑠+,0−𝑠−,0)+𝑧𝑒𝜁0(𝑠+,0+𝑠−,0)
𝐸∞𝑎𝑐𝑜𝑠𝜃 (2) 
where 𝐸∞ is the externally applied electric field, 𝑎 is the radius of the oil droplet, 𝑧 is the valence 
of the ions, 𝑒 is the elementary charge, 𝜅𝑇 is the thermal energy at temperature 𝑇, 𝑠±,0 are the 
positive and negative ions surface number densities, respectively. 
The derivation shown above was conducted under two assumptions: 1) Positive ions and 
negative ions coexist on the surface of oil droplets; 2) The total numbers of positive and negative 
ions remain unchanged before and after applying electric field. Therefore, based on this model, 
positive surface charges and negative surface charges can be induced to reside separately on 
different sides of oil droplets under electric field. However, when we consider about the charging 
mechanism of the oil droplet surfaces, it is easy to find that these assumptions are not practical. 
First, in electrical neutral solution (pH=7), the oil droplet will carry negative charges by 
adsorbing hydroxide ions or hydrolyzing ionic surface-active impurities, and only negative ions 
exist at the interface. Second, after the redistribution of the surface ions, if the concentration of 
certain type of ions at some places of the oil droplet surface is reduced to a value below the 
initial equilibrium condition, new surface charges will be generated at this part of the surface; 
therefore, the total number of surface ions will change. 
The second model was derived by considering the balance between the flux of electrophoretic 
migration of charged species and that of back diffusion at stable state. In a spherical coordinate 
system, the balance can be obtained [35,38]: 
 𝑚𝐸𝑒𝐶(𝜃) = 𝐷∇𝐶(𝜃) (3) 
where 𝑚 and 𝐷 are the electrophoretic mobility and diffusion coefficient of the charged species 
on the surface, 𝐸𝑒  is the local electric field, 𝐶(𝜃) is the surface concentration of the charged 
species.  
The above equation can be solved with the boundary condition that the total numbers of the 
charged species on the surface remain the same before and after applying electric field. The 
surface charge density (𝜎(𝜃)) can be obtained: 
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 𝜎(𝜃) =
3𝜋
4
𝑎2𝐸∞
𝛿𝜓
𝜎0
sinh⁡(
3𝜋𝑎2𝐸∞
4𝛿𝜓
)
𝜀𝑚
−
3𝜋𝑎2𝐸∞𝑐𝑜𝑠𝜃
4𝛿𝜓
 (4) 
where 𝜎0 is the initial surface charge density, 𝛿 is the average diameter of a charged complex, 𝜓 
is the thermal potential. In this model, the boundary condition of constant number of mobile 
surface charges is also used, which generally is not valid for most liquid-liquid interfaces. This 
limits its application only for evaluating the redistribution of charged molecules on cells [35–39]. 
Few experiments of visualizing the surface charges have been reported in literature. The existing 
measurement methods of visualizing the distribution of charges at the interface can be divided 
into three groups. First, the charged fluorescent dyes were used to show the concentration of ions 
at the interface. Through measuring the fluorescent intensity at the interface, the surface charge 
density can be inferred qualitatively. According to the microscope used to detect the fluorescent 
intensity at the interface, the charged dye method can be divided into two categories: evanescent 
wave excitation method [40,41] and confocal scanning method [42,43]. However, these methods 
are generally used to detect the zeta potential of solid-liquid interfaces and monolayers on them, 
respectively. Second, the X-ray reflectivity measurements can reflect the structure of the liquid-
liquid interface. By using the X-ray reflectivity method, the electron distribution of the interface 
can be evaluated [44–46]. But this method is hard to control, and needs a complex system to 
generate X-ray and detect the reflective wave from the interface. Finally, the capacitance method 
was used to measure the zeta potential of the liquid-liquid interface in some papers [47–49]. 
However this method is easily affected by many other parameters, for example, the types of ionic 
species; therefore, the measured zeta potential was often in disagreement with the classical 
theory. Due to the limitations of the existing detection methods, the redistribution of mobile 
surface charges on oil droplets was only proved indirectly. For example, through measuring the 
EOF velocity at oil-water interfaces, the mobility of surface charges was proved [19]. The 
experimentally observed phenomenon of the rapid demulsification of oil-in-water emulsion 
under electric field can confirm that the external electric field will lead to the redistribution of 
surface charges on oil droplets and speed up the coalescence of oil droplets [31]. Up to date, no 
experimental research has been conducted to quantitatively study the redistribution of surface 
charges on oil droplet under the influence of externally applied electric field. 
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In order to provide a better understanding of the electrokinetically-driven redistribution of 
mobile surface charges on liquid-liquid interface, this paper presents a fundamental investigation 
of the surface charge redistribution of an oil droplet suspended in an aqueous solution under the 
influence of externally applied electric field. First, surface charge redistribution model for a 
spherical surface was derived to describe the redistribution of the surface charges in uniform DC 
electric field. Then, the redistribution of zeta potential along the surface of an oil droplet can be 
calculated by using the model. The effects of the initial zeta potential of the droplet, the external 
electric field and the droplet size on the surface area with the redistributed charges and the local 
zeta potential were studied. Finally, experiments were carried out in an effort to visualize the 
charge redistribution. Al2O3-passivated aluminum nanoparticles were placed on the surface of 
the oil droplet to simulate the mobile charged molecules. The motion and redistribution of these 
nanoparticles were observed under externally applied electric field. 
2. Theoretical analysis 
Consider a spherical oil droplet surrounded by an aqueous electrolyte solution, as illustrated in 
Figure 1. Without loss of generality, let us assume the oil-water interface carries negative 
charges. The surface charges are uniformly distributed over the entire surface of the droplet if no 
external electrical field exists. When electric field is applied, the mobile negative charges on the 
droplet surface moves towards the anode or the high potential side of the electric field. With the 
motion of the mobile charges on the oil droplet, the quantity of charges on the other side of the 
oil droplet facing the cathode decreases, and the oil-water interface on this side is recharged to 
reach the local equilibrium under a given pH value, as shown in Figure 1. Then, the newly 
charged molecules will be further attracted to the anode, and the side of the oil droplet facing the 
cathode will keep generating new charges. This process will continue until the accumulated 
charges on the anode side reach the equilibrium state. At the equilibrium state, the local 
concentration of the redistributed surface charges is determined by the balance between the local 
electric field generated by the accumulated surface charges and the local externally applied 
electric field along the surface of the droplet. The minimum local zeta potential stays at the pole 
facing the cathode of the electric field, and should equal to the initial zeta potential of the oil 
droplet before the electric field is applied. 
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To analyze the redistribution of the mobile surface charges, a spherical coordinate system is used 
where the origin point, 𝑂, is located at the center of the droplet and the direction of the x-axis is 
the same as that of the applied electric field, as shown in Figure 2. The radius of the oil droplet is 
denoted as 𝑎. 
2.1 Electrical field around oil droplet 
For an oil droplet immersed in the aqueous solution, under a uniform externally applied electrical 
field 𝜙 = −𝐸∞𝑥 or 𝜙 = −𝐸∞𝑟𝑐𝑜𝑠𝜃 in the spherical coordinates system, the electrical field in 
the aqueous solution can be calculated with the well-known Laplace’s equation: 
 𝛻2𝜙 = 0 (5) 
In the spherical coordinate system whose origin stays in the center of the droplet, the Laplace’s 
Equation can be extended into this form: 
 𝛻2𝜙 =
1
𝑟2
𝜕
𝜕𝑟
(𝑟2
𝜕𝜙
𝜕𝑟
) +
1
𝑟2𝑠𝑖𝑛𝜃
𝜕
𝜕𝜃
(𝑠𝑖𝑛𝜃
𝜕𝜙
𝜕𝜃
) = 0 (6) 
𝜙  has finite value at the origin. And the electrical field is equal to the externally applied 
electrical field when r  goes to infinity, i.e., 𝑟 → ∞ , 𝜙 = −𝐸∞𝑟𝑐𝑜𝑠𝜃 . Therefore, the general 
solution of electrical potential in the aqueous solution 𝜙 by separation of variables is[50]: 
 𝜙 = ∑ 𝐴𝑘𝑟
−(𝑘+1)∞
𝑘=0
𝑃𝑘(𝑐𝑜𝑠𝜃) (7) 
where 𝐴𝑘 is constant and 𝑃𝑘(𝑐𝑜𝑠𝜃) is the Legendre polynomial. 
Under the externally applied electrical field, the mobile negative charges on the oil droplet move 
and get redistributed. With the driving of the electrical field and the redistributed surface charges, 
the positive ions in the electrolyte are delivered into the electric double layer (EDL) near the oil 
droplet. And the positive ions inside EDL get redistributed in response to the redistributed 
surface charges. Simultaneously, the redistributed screening cloud of ions inside the EDL of the 
oil droplet expels the electric field lines and the current going from the bulk liquid to the EDL 
gets reduced [51]. At equilibrium state, all of the electric field lines get expelled, which yields 
the no-flux boundary condition on the outer surface of the EDL region: 
 (
𝜕𝜙
𝜕𝑟
)
𝑟=𝑎+1/𝜅
= 0 (8) 
where 𝜅 is the Debye-Huckel parameter: 
 𝜅 = 1 √
𝜀𝑚𝜀0𝐾𝑏𝑇
2𝑛∞(𝑧𝑒)2
⁄  (9) 
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where 𝑧 is the valence of ions, 𝑛∞ is the bulk ionic concentration, 𝑒 is the elementary charge, 𝐾𝑏 
is the Boltzmann constant, 𝑇 is the absolute temperature. 𝜀0 and 𝜀𝑚 are the dielectric permittivity 
of vacuum and the electrolyte, respectively. 
For thin EDL, 𝑎 ≫ 1/𝜅, Eq. (8) can be approximated to: 
 (
𝜕𝜙
𝜕𝑟
)
𝑟=𝑎
= 0 (10) 
Applying this boundary condition (Eq. (10)) into Eq. (7), the analytical expression of the 
electrical potential in the aqueous solution can be obtained [52]: 
 𝜙 = −𝐸∞𝑟𝑐𝑜𝑠𝜃 −
1
2
𝐸∞
𝑎3
𝑟2
⁡𝑐𝑜𝑠𝜃 (11) 
The electric potential on the oil droplet 𝜙(𝜃) can be given by: 
 𝜙(𝜃) = −
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃 (12) 
2.2 Local zeta potential on oil droplet 
As mentioned above, under the influence of the electric field, the mobile surface charges on the 
oil droplet get redistributed; hence, the counter ions inside EDL. The redistributed ions generate 
local electric field on the oil droplet which repels the externally applied electric field. At 
equilibrium state, all field lines of the externally applied electric field get expelled. Therefore, 
the local electric field 𝐸𝑖  on the oil droplet has the same magnitude and is in the opposite 
direction to that of externally applied electrical field 𝐸𝑒, as indicated by the following equation: 
 𝐸𝑖 = −𝐸𝑒 (13) 
or, 
 ∇𝜁(𝜃) = −∇𝜙(𝜃) (14) 
where 𝜁(𝜃) is the local zeta potential, 𝜙(𝜃) is the electric potential of the externally applied 
electrical field. In the spherical coordinate system, the expression of 𝜙(𝜃) is given by Eq. (12). 
Integrating Eq. (14), the local zeta potential can be obtained as: 
 𝜁(𝜃) = −𝜙(𝜃) + 𝜙𝑐 (15) 
where 𝜙𝑐 is an integration constant.  
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As described above, for a negatively charged oil droplet, under externally applied electrical field, 
the surface charges move and accumulate to the side of the oil droplet facing the anode of the 
electrical field, and the surface charge density on the other side decreases, especially at the pole 
facing the cathode of the electric field. As the surface charges move away, the zeta potential on 
the side facing the cathode decreases, and the chemical equilibrium at the oil-water interface is 
broken. In order to reach equilibrium again, the oil-water interface on this side starts recharging 
by adsorbing the negative hydroxide ions from the bulk water. The recharging process will 
continue until reaching the equilibrium state. It should be realized that the initial zeta potential is 
the equilibrium zeta potential determined by the given bulk ionic concentration and the given pH 
value. This zeta potential must be reached at the point where the minimum zeta potential stays; 
otherwise, the recharging process will not stop. Therefore, at equilibrium state, the minimum 
local zeta potential on the oil droplet needs to be equal to the initial zeta potential of the oil 
droplet before applying electric field. Under externally applied electric field, the minimum zeta 
potential stays at the pole facing the cathode (𝜃 = 0). Hence, the following equation can be 
obtained: 
 𝜁(𝜃 = 0) = 𝜁0 (16) 
where 𝜁0 is the initial zeta potential of the oil droplet before the external electric field is applied. 
With this boundary condition, Eq. (15) can be solved. The integration constant 𝜙𝑐  can be 
determined by: 
 𝜙𝑐 = 𝜁0 + 𝜙(0) = 𝜁0 −
3
2
𝐸∞𝑎⁡ (17) 
Substituting Eq. (17) into Eq. (15), the redistributed local zeta potential along the surface of the 
oil droplet can be written as: 
 𝜁(𝜃) =
3
2
𝐸∞𝑎⁡(𝑐𝑜𝑠𝜃 − 1) + 𝜁0⁡ (18) 
2.3 Local surface charge density on oil droplet 
As shown in Figure 3, when a flat surface is immersed in an aqueous solution, it carries negative 
charges and the electric double layer forms in vicinity of it. A coordinate system is built on the 
surface. The origin point of the coordinate system locates on the surface, and the x-axis is 
perpendicular to the flat surface pointing to the water phase. At stable state, the surface charge 
density on the surface 𝜎0 should be equal to the net charges in the electrolyte, which yields the 
following equation: 
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 𝜎0 = −∫ 𝜌𝑒
∞
0
𝑑𝑥 (19) 
where 𝜌𝑒 is the net charge density in the electrolyte. 
The relationship between the electrical potential of the electric double layer field 𝜓 and the net 
charge density 𝜌𝑒 is given by the well-known Poisson’s equation: 
 
𝑑2𝜓
𝑑𝑥2
= −
𝜌𝑒
𝜀0𝜀𝑚
 (20) 
Substituting Eq. (20) into Eq. (19), the expression of 𝜎0 in terms of 𝜓 can be obtained: 
 𝜎0 = −𝜀0𝜀𝑚 ∫
𝑑2𝜓
𝑑𝑥2
∞
0
𝑑𝑥 (21) 
As 𝑑𝜓 𝑑𝑥⁄ → 0 at 𝑥 → ∞, the above equation can be integrated to: 
 𝜎0 = −𝜀0𝜀𝑚 (
𝑑𝜓
𝑑𝑥
)
𝑥=0
 (22) 
The electrical potential of the EDL field near the flat surface 𝜓 can be calculated by the one-
dimensional Poisson-Boltzmann equation: 
 
𝑑2𝜓
𝑑𝑥2
=
2𝑧𝑒𝑛∞
𝜀0𝜀𝑚
𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓
𝐾𝑏𝑇
) (23) 
Intergrating this equation yields: 
 
𝑑𝜓
𝑑𝑥
= −
4𝑛∞𝑧𝑒
𝜀0𝜀𝑚𝜅
𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓
2𝐾𝑏𝑇
) (24) 
where 𝜅 is the Debye-Huckel parameter. Substituting Eq. (24) into Eq. (22), the equation of the 
surface charge density can be obtained: 
 𝜎0 =
4𝑛∞𝑧𝑒
𝜅
(𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓
2𝐾𝑏𝑇
))
𝑥=0
 (25) 
On the flat surface (𝑥 = 0), 𝜓 ≈ 𝜁𝑠; therefore, the surface charge density as functions of the zeta 
potential can be obtained as [1]: 
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 𝜎0 =
4𝑛∞𝑧𝑒
𝜅
𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓𝜁𝑠
2𝐾𝑏𝑇
) (26) 
For the oil droplet, we consider the droplet size is much larger than the thickness of electric 
double layer, and hence the curved droplet surface may be approximated as a flat surface. 
Therefore, the local surface charge density 𝜎(𝜃) in terms of the local zeta potential 𝜁(𝜃) can be 
obtained: 
 𝜎(𝜃) =
4𝑛∞𝑧𝑒
𝜅
𝑠𝑖𝑛ℎ(
𝑧𝑒𝜁(𝜃)
2𝐾𝑏𝑇
) (27) 
Using the Debye-Huckle linear approximation, the above equation can be reduced to: 
 𝜎(𝜃) =
2𝑛∞(𝑧𝑒)
2
𝜅𝐾𝑏𝑇
𝜁(𝜃) (28) 
As shown in this equation, for a given oil-water system (𝜀𝑚, 𝑛∞, 𝑧 and 𝑇 are constants), the local 
surface charge density is linear proportional to the local zeta potential. Substituting Eq. (18) into 
Eq. (28), the local surface charge density along the surface of the oil droplet under externally 
applied electric field can be got as: 
 𝜎(𝜃) =
2𝑛∞(𝑧𝑒)
2
𝜅𝐾𝑏𝑇
[
3
2
𝐸∞𝑎⁡(𝑐𝑜𝑠𝜃 − 1) + 𝜁0] (29) 
As indicated in Eq. (18), the local zeta potential at the point 𝜃 = 0 is a constant which is equal to 
𝜁0. The redistributed local zeta potential along the surface of the oil droplet is related to the 
initial zeta potential, and depends on the dielectric permittivity of the drop and the surrounding 
medium, the radius of the oil droplet, and the applied electric field. While keeping other 
parameters fixed, the increase of the droplet radius (𝑎) and the applied electric field (𝐸∞) will 
increase the redistributed local zeta potential. By comparing Eq. (18) with Eq. (29), one can see 
that the variation of the local surface charge density is proportional to the local zeta potential. 
The surface charge redistribution model shown in this paper was derived under the assumptions 
of thin electric double layer (𝑎 ≫ 1/𝜅) and weak strength of externally applied electrical field. 
Under these conditions, the electrophoretic motion of the negatively charged oil droplet is so 
slow that it does not affect the ion distribution inside the thin electric double layer around the oil 
15 
 
droplet. Therefore, the distributions of surface charges and ions insider electric double layer are 
considered to be unchanged with the weak electrophoretic motion of the oil droplet. 
3. Results and discussion 
An analytical model of the surface charge redistribution on a spherical oil droplet in water under 
electric field was derived above. Examination of these equations reveals that the local zeta 
potential along the surface of the oil droplet is determined by following parameters: 𝜀𝑚,⁡𝑎, 𝜁0 
and 𝐸∞. Here 𝜀𝑚 is the relative dielectric permittivity of the surrounding aqueous solution, which 
is a constant for a given oil-water system. Therefore, the effects of the initial zeta potential 𝜁0, 
radius 𝑎 and the applied electrical field strength 𝐸∞ on the redistribution of the mobile surface 
charges will be analyzed. In the following discussions, the relative dielectric constant of water 
𝜀𝑚 is taken as 80. The local zeta potential along the surface of oil droplet can be calculated by 
using the equation of the developed model, i.e., Eq. (18), with a set of values of the initial zeta 
potential, the droplet radius, and the externally applied electric field. 
3.1 Effect of the initial zeta potential 
Figure 4 shows the distributions of local zeta potential along the surface of an oil droplet of 
10𝜇𝑚 in radius for two different initial zeta potentials under 𝐸∞ = 20𝑉/𝑐𝑚 . The solid line 
indicates the zeta potential redistribution with an initial zeta potential of 𝜁0 = −30𝑚𝑉, and the 
dash line shows the redistributed zeta potential along the oil droplet with the initial zeta potential 
of −60𝑚𝑉. As it is seen in Figure 4, the redistributed local zeta potential has its maximum value 
at the pole facing the applied electrical field at 𝜃 = 180° ; the local zeta potential has its 
minimum value at the other pole at 𝜃 = 0°, which equals to the initial zeta potential 𝜁0. The 
comparison of the two curves indicates that the redistributed local zeta potential increases with 
the increase of the initial zeta potential. This can be easily understood. Because a higher initial 
zeta potential indicates a higher initial surface charge density and hence a higher total number of 
mobile surface charges on the droplet, consequently, more negative surface charges will be 
attracted and accumulated near the pole facing the positive electrode, resulting a higher local zeta 
potential at this pole at 𝜃 = 180° to balance the externally applied electrical field. While the 
negative surface charges are moving away from the side of oil droplet facing the negative 
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electrode, new surface charges are created on this side of the surface until the zeta potential at the 
pole 𝜃 = 0° equals to the initial zeta potential of the oil droplet. 
3.2 Effect of the droplet radius 
Droplet size is another factor that affects the surface charge redistribution. The externally applied 
electric field along the surface of an oil droplet 𝐸𝑒 can be obtained by differentiating Eq. (12): 
 𝐸𝑒 = ∇𝜙(𝜃) =
3
2
𝐸∞𝑎⁡𝑠𝑖𝑛𝜃⁡ (30) 
Clearly, 𝐸𝑒 as the driving force for the redistribution of the mobile surface charges is dependent 
on the droplet size. Under a given electrical field (𝐸∞ = constant⁡), smaller of the droplet size, 
smaller the driving force. Therefore, for oil droplets with fixed initial zeta potential under the 
same externally applied electric field, except at the pole facing the cathode, the local zeta 
potential of the oil droplet decreases with the decrease of the oil droplet size.  
The zeta potential distribution around oil droplets of different radius is shown in Figure 5. The 
zeta potential distributions along the surface oil droplets of 1𝜇𝑚, 5𝜇𝑚 and 10𝜇𝑚 in radius under 
externally applied electric field 𝐸∞ = 20𝑉/𝑐𝑚 are indicated by the solid line, dash line and dot-
dashed line, respectively. Figure 5 clearly shows two points: (1) For fixed initial zeta potential of 
oil droplets, the local zeta potential at the pole of the droplet facing the negative electrode 
(𝜃 = 0°) is a constant which equals to the initial zeta potential and doesn’t vary with the radius 
of the oil droplet; (2) The value of the local zeta potential on the rest surface of the droplet 
increases with the droplet radius. As shown in Figure 5, the maximum value of the redistributed 
local zeta potential is −56𝑚𝑉 for the oil droplet of 1𝜇𝑚 in radius with an initial zeta potential of 
−50𝑚𝑉 under electric field 𝐸∞ = 20𝑉/𝑐𝑚. For the oil droplets with a radius of 5𝜇𝑚 and 10𝜇𝑚, 
respectively, with the same initial zeta potential and under the same electric field, the maximum 
zeta potential increases to −80𝑚𝑉 and −110𝑚𝑉, respectively.  
3.3 Effect of the applied electric field 
For a droplet with a fixed size and a fixed initial zeta potential, the redistribution of the mobile 
surface charges and the zeta potential changes with the strength of applied electric field. The 
effect of the applied electric field can be understood as follows. When the applied electric field 
changes, the electrostatic driven force acting on the mobile surface charges of the oil droplet will 
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change, hence affect the distribution and concentration of the surface charges, as well as the zeta 
potential redistribution along the surface of oil droplet. For example, when the electric field 
increases, larger local electric field generated by the accumulated surface charges is needed to 
balance the externally applied electric field, which will cause the concentration of the surface 
charges increase.  
The zeta potential distributions around the same oil droplet under three different applied electric 
fields are shown in Figure 6. The solid, dash and dot-dashed curves represent the distribution of 
zeta potential when the applied electric field are 10𝑉/𝑐𝑚, 20𝑉/𝑐𝑚 and 50𝑉/𝑐𝑚, respectively. 
For 𝐸∞ = 10𝑉/𝑐𝑚, the local zeta potential increases gradually from the pole 𝜃 = 0° (𝜁(𝜃 =
0°) = −50𝑚𝑉 ) to the other pole 𝜃 = 180°  ( 𝜁(𝜃 = 180°) = −65𝑚𝑉 ). If increasing 𝐸∞  to 
50𝑉/𝑐𝑚 and keeping the other parameters unchanged, the local zeta potential at 𝜃 = 0° remains 
the same and the maximum value of the local zeta potential at 𝜃 = 180° can reach −125𝑚𝑉. 
4. Experimental validation 
Considering the limitations of the existing methods of visualizing the surface charges as 
reviewed in the introduction, nanoparticles were used in this paper to analogize the mobile 
charged molecules at oil-water interface. Similar to the charged molecules at the oil-water 
interface, the charged nanoparticles will move and accumulate to one pole of the oil droplet 
under externally applied electric field, and a “blank surface area” will show up on the other side. 
By visualizing the motion and accumulation of nanoparticles on the surface of oil drops under 
externally applied electric field, the predication of the redistribution of the mobile surface 
charges by the model developed in this paper may be validated. 
4.1 Model modification 
Although the nanoparticles can be used to simulate the motion and redistribution of the charged 
molecules at oil-water interface under electric field, the nanoparticles cannot be regenerated on 
the “blank surface area” after they have moved and accumulated in one pole of the droplet. This 
is because the total number of the nanoparticles attached to an oil droplet surface is a constant, 
which is different from the number of charged molecules on the oil droplet surface. When the 
mobile charged molecules migrate away from one surface area, attracted by the applied electric 
field, new charged molecules will be formed in that area to maintain a local chemical equilibrium 
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of the oil-water interface for the given conditions (e.g., pH). To address this difference, the 
redistribution of the charged nanoparticles will be estimated by modifying the above-described 
mobile charge redistribution model with a different boundary condition. As positively charged 
aluminum oxide nanoparticles will be used to analogize the charged molecules at the oil-water 
interface, we will assume the oil-water interface carries positively charges which will accumulate 
to the side of oil droplet facing cathode, as shown in Figure 7. Furthermore, in order to consider 
the fact that the nanoparticles cannot be regenerated on the “blank surface area”, we will assume 
that the total amount of surface charges remains constant before and after the external electric 
field is applied. Therefore, Eq. (15) will be solved with the boundary condition that the total 
number of surface charges on the oil droplet, 𝑄, must equal to the initial number of surface 
charges, 𝑄0: 
 𝑄 = 𝑄0 (31) 
For an oil droplet immersed in an aqueous solution with zeta potential 𝜁0 initially (i.e., before 
applying the electrical field), the total amount of surface charges uniformly distributed on the 
droplet surface can be calculated by using the following equation [1,3]: 
 𝑄0 = 4𝜋𝜀𝑚𝜀𝑜𝑎(1 + 𝜅𝑎)𝜁0 (32) 
For the purpose of modeling the redistribution of the nanoparticles on the droplet surface, we 
assume that, after applying the electrical field (from left to right), all the positive mobile surface 
charges are moved towards the right hand side of the droplet, and the surface on the left-hand 
side of the droplet is free of surface charges (i.e., to simulate the condition that the nanoparticles 
cannot be regenerated there), as shown in Figure 7. Let us assume 𝜃1 is the boundary of the 
surface area with the redistributed surface charges. At this boundary, the local zeta potential is 
zero, i.e., 𝜁(𝜃1) = 0. Substituting this boundary condition into Eq. (15) yields: 
 𝜙𝑐 = 𝜙(𝜃1) = −
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃1 (33) 
Therefore, the expression of the local zeta potential 𝜁(𝜃) is given by: 
 𝜁(𝜃) =
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃 −
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃1 (34) 
19 
 
The relationship between the local surface charge density 𝜎(𝜃) and the local zeta potential 𝜁(𝜃) 
is given by Eq. (28). Therefore, the redistributed local surface charge density can be got by 
substituting Eq. (34) into Eq. (28): 
 𝜎(𝜃) =
2𝑛∞(𝑧𝑒)
2
𝜅𝐾𝑏𝑇
(
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃 −
3
2
𝐸∞𝑎⁡𝑐𝑜𝑠𝜃1) (35) 
The total amount of surface charges of the droplet 𝑄 can be calculated: 
 𝑄 = ∫𝜎(𝜃)𝑑𝐴 = 2𝜋𝑎2 ∫ 𝜎(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
𝜃1
0
 (36) 
here, 𝐴 is the surface area where the surface charges accumulate. 
Substituting Eq. (35) into Eq. (36) yields the expression of 𝑄 in terms of 𝜃 as the following: 
 𝑄 = 6𝜋𝑎2
𝑛∞(𝑧𝑒)
2
𝜅𝐾𝑏𝑇
𝐸∞𝑎 ∫ (𝑐𝑜𝑠𝜃 − 𝑐𝑜𝑠𝜃1)𝑠𝑖𝑛𝜃𝑑𝜃
𝜃1
0
 (37) 
As the total amount of surface charges does not change before and after the electric field is 
applied (i.e., Eq. (31)), Eq. (32) is equal to Eq. (37).With this relationship, 𝜃1 can be determined 
from the equation below: 
 𝑐𝑜𝑠𝜃1 = 1 − √
4
3
∙
𝜀𝑜𝜀𝑚(1+𝜅𝑎)𝜅𝐾𝑏𝑇
𝑎2𝑛∞(𝑧𝑒)2𝐸∞
𝜁0 (38) 
For thin EDL, 𝜅𝑎 ≫ 1, the equation can be reduced to: 
 𝑐𝑜𝑠𝜃1 = 1 − √
4
3
∙
𝜀𝑜𝜀𝑚𝜅2𝐾𝑏𝑇
𝑎𝑛∞(𝑧𝑒)2𝐸∞
𝜁0 (39) 
As indicated by Eq. (39), the boundary of the charge accumulation area 𝜃1 is a function of the 
initial zeta potential 𝜁0, the dielectric permittivity of the surrounding medium, the radius of the 
oil droplet, and the applied electric field. While keeping other parameters fixed, the increase of 
the applied electric field (𝐸∞ ) will reduce the charge accumulation surface area (𝜃1). The 
variation of the surface area covered with the redistributed surface charges in response to the 
externally applied electric is shown in Figure 8. It is clearly shown that the increase of the 
electric field leads to a smaller area of the droplet surface with the redistributed charges. 
20 
 
4.2 Nanoparticles and experimental procedures 
In the experiments, Al2O3-passivated aluminum nanoparticles (Skyspring Nanomaterials, Inc., 
Houston, TX, USA) with an average diameter of 18nm were used. These nanoparticles carry 
positive charges when they are in contact with deionized water, with a zeta potential of 
approximately +60𝑚𝑉 [2,53,54]. The reason for choosing the positive charged nanoparticles is 
because they can be easily deposited on the negatively charged oil-water interface. In contrary, 
negatively charged nanoparticles are difficult to do so. 
In the experiments, 2 mg nanoparticles were added into 1 mL deionized water, and then placed in 
an ultrasonic cleaner for 8 minutes to disperse the particles The experimental procedures include 
the following: 
a) To increase the wettability of water on polystyrene surface, a plasma cleaner (HARRIC 
PLASMA, Ithaca, NY, USA) is used to do surface treatment to a polystyrene petri dish for 3mins; 
b) Deposit 2.5𝜇𝐿 oil (Nikon Type A immersion oil) by a digital micropipette on the bottom 
surface of the plasma-cleaned polystyrene petri dish. A sessile drop of oil forms with a radius 
approximately 0.6 mm. 
c) Pour deionized water into the petri dish until the water level is around 5 mm above the top 
surface of the oil drop. As the oil droplet has already attached on the surface of the petri dish, it 
will not float. 
d) Deposit 1.5⁡𝜇𝐿 of nanoparticle suspension (with a concentration of 2𝑚𝑔/𝑚𝐿) by a digital 
micropipette on the top of the oil droplet. Wait 5 min for the particles to settle on the interface.  
e) Insert electrodes into the water phase and apply electric field 𝐸 = 10𝑉/𝑐𝑚 from left to right. 
Use a microscope (Nikon Ti-E) imaging system to observe and record the redistribution of the 
nanoparticles at the oil-water interface. 
It should be note that the method for visualizing the surface charges is limited. Therefore, the 
nanoparticles are used to analogize the mobile charged molecules at oil-water interface here. The 
redistribution of the mobile surface charges can be validated by visualizing the motion and 
accumulation of nanoparticles on the surface of oil droplet under externally applied electrical 
field. 
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From a macroscopic view, the aluminum oxide nanoparticles on the oil droplet can be analogous 
to positive charges on the oil droplet, in terms of their response to the applied electric field. As 
the nanoparticles cannot be regenerated on the oil-water interface after they move away and 
accumulate to one side of the oil droplet under externally applied electrical field, the modified 
model shown above considers that the total number of the nanoparticles remains fixed. With this 
condition, the analytical equation of the boundary of the charge accumulation area is derived. 
Therefore, the modified model shown in the experimental part is suitable for evaluating the 
nanoparticle accumulation surface area under externally applied electrical field. 
However, from a microscopic view, the size of the nanoparticles cannot be neglected. Generally, 
the effective size of a molecule ranges from 0.1 nm to a few nanometers. The average diameter 
of the Al2O3-passivated aluminum nanoparticles used in the experiment is 18nm, which is 10 to 
100 times larger than the charged molecules. In the experiments, positively charge nanoparticles 
were used to cover the negatively charged oil droplet. Figure 9(a) shows the schematic of the 
distribution of the positively charged nanoparticles at the oil-water interface before applying 
electric field. As shown in this figure, the nanoparticles and the charged molecules stay on 
different layers, and the major part of the positively charged nanoparticles stays in the water 
phase. Under externally applied electrical field, the positively charged nanoparticles are driven to 
move and accumulate to one side of the oil droplet facing the cathode of the electric field, as 
shown in Figure 9(b). When the nanoparticles get packed close to each other, the electric field 
lines around the nanoparticles are also affected. As shown in Figure 9(b), the external electric 
field lines detour around the nanoparticles, no line can enter into the small gap between the two 
nanoparticles and act on the oil-water interface. Meanwhile, the accumulated positively charged 
nanoparticles act as an electric shield screen, a local electrical field is built which expels the 
external electric field lines. At equilibrium state, all of the electric field lines are repelled and the 
externally applied electrical field on that side is balanced by the local electric field generated by 
the redistributed nanoparticles on that side of the oil droplet. Therefore, in the nanoparticle 
accumulation region, the packed nanoparticle layer performs as the shielding layer which 
prevents the external electric field interacting with the surface charges of the oil-water interface. 
Without the effect of the electric field, the mobile surface charges in the nanoparticle 
accumulation region of the oil droplet are uniformly distributed, and the effect of the mobile 
surface charges in this region can be neglected. 
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4.3 Experiment results 
The typical redistribution of the positively charged aluminum nanoparticles in response to the 
externally applied electric field are shown by the sequence of images in Figure 10. Before the 
electric field was applied at 𝑡 = 0, the nanoparticles at the oil-water interface are uniformly 
distributed and motionless, as shown in Figure 10(a). After the electric field was turned on, the 
positively charged nanoparticles at the interface were observed to move in the same direction as 
the applied electric field, i.e., from left to right (Figures 10(b)~(e)). As time went by, more and 
more nanoparticles moved to the right side and accumulated at the right hemisphere of the 
droplet until reaching the final state, as shown in Figure 10(f). At the final state, all of the 
nanoparticles accumulated to the right hemisphere and a large “blank area” without the presence 
of nanoparticles was left in the left hemisphere of the droplet. It should be pointed out that the 
slow movement of the nanoparticles is because the size of the nanoparticles is tens of times 
larger than that of the charged molecules such as Na

. However, such a redistribution of the 
charged nanoparticles at the oil-water interface in response to the external electrical field is 
analogous to that of the mobile surface charge at a liquid-fluid interface.  
Based on the spherical shape assumption and the measured drop dimensions, the boundary of the 
nanoparticle accumulation area in the final state (Figure 10(f)) can be evaluated to be 
approximately 𝜃1 = 65°. It must be pointed out that the theoretical models developed in this 
paper are valid only for mobile surface charges of common molecular sizes, and the 
nanoparticles are many times larger than molecules. Theoretically, the models are not applicable 
to predict the behavior of the mobile nanoparticles on the oil-water interface. With this 
understanding, however, it is desirable to see if the models developed in this paper would be able 
to provide qualitative estimation of the nanoparticle redistribution. If one uses the aluminum 
nanoparticles’ zeta potential 60𝑚𝑉  as the initial zeta potential, the corresponding 𝜃1  for the 
specific condition of droplet radius of 𝑎 = 0.6𝑚𝑚  and 𝐸∞ = 10𝑉/𝑐𝑚  can be calculated by 
using Eq. (39); the 𝜃1 value is 61.1°. The comparison of the model predicted result (61.1°) with 
the experimental result (65°) indicates a good agreement. 
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Conclusion 
This paper presents a fundamental investigation on the redistribution of mobile surface charges 
of an oil droplet in water under externally applied electric field. A model was derived based on 
the balance between the local electric field 𝐸𝑖 generated by the redistributed surface charges and 
the local externally applied electrical field 𝐸𝑒 . With the model, the effects of the initial zeta 
potential, the radius of oil droplet as well as the applied electric field on the redistribution of the 
mobile surface charges were investigated analytically. It was found that the redistribution of 
surface charges strongly depends on these three parameters. Generally, increase in oil droplet 
radius and electric field makes the redistributed local zeta potential increase. A larger initial zeta 
potential results in larger redistributed local zeta potential along the spherical oil droplet under 
the same applied electric field. 
The redistribution of mobile surface charges was validated experimentally by using charged 
nanoparticles to analogize the charged molecules at the oil-water interface. The experimental 
result indicates that the charged nanoparticles will migrate and accumulate to one pole of the oil 
droplet under externally applied electric field, which is similar to our theoretical analysis. 
However, the difference between the charged nanoparticles and the charged molecules at oil-
water interfaces is that the nanoparticles cannot be regenerated after migrating away. To estimate 
the accumulation of charged nanoparticles, the model was modified by considering the boundary 
condition that the total amount of mobile charged nanoparticles remained constant before and 
after the electric field was applied and the expression of the surface area with redistributed 
charged particles was derived. The surface area with the accumulated nanoparticles was 
measured experimentally and is in good agreement with the predication of the model developed 
in this paper. 
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Figure Legends 
Figure 1. Schematic of the redistribution of mobile surface charges and the recharging process 
for an oil droplet under the externally applied electric field. 
Figure 2. Schematic of a spherical oil droplet in a bulk aqueous solution under a uniform DC 
electric field and the spherical coordinate system. 
Figure 3. Schematic of charge distribution in electric double layer near a flat surface in contact 
with electrolyte and the coordinate system. 
Figure 4. Zeta potential distribution along the surface of an oil droplet of 10𝜇𝑚 in radius for two 
different initial zeta potentials, under 𝐸∞ = 20𝑉/𝑐𝑚. 
Figure 5. Zeta potential distribution around oil droplets of different radius for 𝐸∞ = 20𝑉/𝑐𝑚 
and 𝜁0 = −50𝑚𝑉. 
Figure 6. Zeta potential distribution around an oil droplet of 5𝜇𝑚 in radius with an initial zeta 
potential 𝜁0 = −50𝑚𝑉 under different applied electric fields. 
Figure 7. Schematic of the model of an oil droplet partially covered by the redistributed mobile 
surface charges in externally applied electric field. Because of the symmetry, only a 
half of the spherical droplet is shown here. 𝜃 is the angular variable. 𝜃1 indicates the 
boundary position of the surface area covered with surface charges. 
Figure 8. The variation of 𝜃1 (the boundary of the surface area covered with mobile surface 
charges) with the externally applied electric field 𝐸∞ for initial zeta potential  𝜁0 =
60𝑚𝑉 and drop radius 𝑎 = 0.6𝑚𝑚. 
Figure 9. Schematics of the distribution of positively charged nanoparticles at the oil-water 
interface (a) before and (b) after applying electrical field. 
Figure 10. The redistribution of positively charged aluminum nanoparticles on the surface of an 
oil drop of 0.6 mm in radius under E=10V/cm (from left to right) at different time. 
(a)𝑡 = 0𝑚𝑖𝑛 ; (b) ⁡𝑡 = 3𝑚𝑖𝑛 ; (c) ⁡𝑡 = 6𝑚𝑖𝑛 ; (d) ⁡𝑡 = 9𝑚𝑖𝑛 ; (e) ⁡𝑡 = 12𝑚𝑖𝑛 ; (f) ⁡𝑡 =
15𝑚𝑖𝑛.   
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